To examine whether positive selection operates on the hemagglutinin 1 (HAI) gene of human influenza A viruses (Hi subtype), 21 nudeotide sequences of the HAI gene were statistically analyzed. The nucleotide sequences were divided Into antigenic and nonantigenic sites. The nucleotide diversities for antigenic and nonantigenic sites of the HAI gene were computed at synonymous and nonsynonymous sites separately. For nonantigenic sites, the nucleotide diversities were larger at synonymous sites than at nonsynonymous sites. This is consistent with the neutral theory of molecular evolution. For antgenic sites, however, the nucleotide diversities at nonsynonymous sites were larger than those at synonymous sites.
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These results suggest that positive selection operates on antigenic sites of the HAI gene of human influenza A viruses (Hi subtype).
The evolution of influenza A viruses has been controversial (refs. 1 and 2 and references therein); some researchers argue that positive selection operates on the hemagglutinin 1 (HAI) gene of these viruses, particularly antigenic sites of the HAI gene product, but others claim that the HAI gene undergoes neutral evolution. Here we summarize the arguments of Fitch et al. (2) as the former and of Sugita et al. (3) as the latter.
Fitch et al. (2) concluded from the following three results that positive selection is responsible for the evolution of human influenza A viruses (H3 subtype). (i) Branch lengths in phylogenetic trees for genes of these viruses were short.
(ii) The evolutionary rate of the HA) gene was higher than that of the nonstructural gene. It is thought that the HAI gene product is a target for host immune systems, whereas the nonstructural gene product is not so. (iii) Patterns of amino acid substitutions were different between surviving viruses and extinct ones. (According to the terminology of Fitch et al., surviving viruses correspond to the trunk in a tree of the HAI gene, and extinct viruses correspond to branches in the tree.) For surviving viruses, amino acid substitutions in the HA) gene product occurred more frequently at antigenic sites than at nonantigenic sites. For extinct viruses, on the other hand, amino acid substitutions in the HAI gene product did not occur more frequently at antigenic sites than at nonantigenic sites. The difference in substitution patterns was statistically significant.
However, these three results can be also explained by other reasons. Although coalescence times or branch lengths in phylogenetic trees are shorter for advantageous mutations than for neutral ones (4), coalescence times can be small even under the assumption of neutrality when the effective population size is small. The effective population size of human influenza A viruses is possibly not so large because the number of patients infected with influenza A viruses is small out of season. Thus, result i can be also explained by the neutral theory of molecular evolution (5, 6) . Result ii can be also explained by the neutral theory. The neutral theory claims that evolutionary rates are negatively correlated with the degree of functional constraints (7) . Thus, it is possible from the standpoint of the neutral theory that functional constraints are weaker for the HAI gene than for the nonstructural gene. To clarify whether positive selection or weaker functional constraints on the HAI gene are responsible for result ii, it is necessary to compare the numbers of synonymous (ds) and nonsynonymous (dN) substitutions per site for the HAI gene. It is expected that ds 2 dN under the neutral mutation hypothesis (6, 8) . Result iii may not be reasonably explained by the neutral theory. By the maximum parsimony method, however, Fitch et al. assigned amino acid changes in the HAI gene product into branches or the trunk in a tree of the HAI gene. It is quite possible that errors were involved in the assignment. When divergent sequences are analyzed and branch lengths in a tree or evolutionary rates vary from lineage to lineage, the maximum parsimony method tends to be erroneous (9, 10 (39) has shown that the method of Miyata and Yasunaga (12) , the method of Li et al. (13) Recently, Pamilo and Bianchi (14) and Li (15) proposed a different method for estimating ds and dN. In this paper, we call their method the "PBL method." Alternative methods for estimating ds and dN also were developed by one of us (39) ; his methods ("Inal and Ina2") are extensions of the NG method, based on the assumption that nucleotide mutations and substitutions follow the two-parameter model of Kimura (16) . The ratio of transitional mutation rate a to transversional mutation rate (3 is estimated from the ratio of the transitional substitution rate to transversional substitution rate at the third nucleotide position of codons (method 1) or at synonymous sites (method 2). Computer simulation by one of us (39) 2 10 between some pairs of the nucleotide sequences were observed for the PBL, Inal, and Ina2 methods, respectively, in 393 replications, 9 replications, and 4 replications of the bootstrap resampling. By excluding such replications, the bootstrap probabilities were computed. The bootstrap probabilities were also computed by excluding both ds and dN in a replication where ds 2 nonantigenic sites. It is worthwhile to point out that Inal and Ina2 gave essentially the same values of ds and dN, although the a/f3 ratios used for these methods were quite different. This may be due to the fact that the a/f3 ratio for the HAI gene is probably large.
It is clear that at nonantigenic sites, ds is larger than dN. This result indicates that even for rapidly evolving viruses, negative or purifying selection against amino acid changes operates on these sites. This is consistent with the neutral theory of molecular evolution. Hayashida et al. (30) and Saitou and Nei (31) also pointed out that negative selection predominates for the evolution of influenza A virus genes, although they did not separate nucleotide sites of the HAI gene into antigenic and nonantigenic sites. At antigenic sites, however, a different pattern was observed; dN is larger than ds. This picture does not depend on the methods used. Even by the NG method, dN is larger than ds. Note that the NG method gives overestimates of ds and underestimates of dN.
Therefore, it is possible that positive selection operates on antigenic sites of the HAI gene of human influenza A viruses (H1 subtype).
To clarify whether the differences between ds and dN at antigenic sites can be explained by the neutral theory, it is necessary to conduct a statistical test. Since the method of Nei and Jin (32) (34) for computing the variance of nucleotide diversity does not depend on a specific substitution model, the statistical power of their method is low when the number of sites compared is small. In addition, the methods of both Nei and Jin and Takahata and Tajima assume that the topology of a reconstructed phylogenetic tree for compared nucleotide sequences and the branch lengths in the tree are correct. However, it is unlikely that this assumption holds for the present case. This is because only 30 It is clear from Table 2 that the values of the dN/dS ratio within group AO are smaller than those for antigenic sites in Table 1 , whereas the values of the dN/ds ratio within group Al are larger than those for antigenic sites in Table 1 . In addition, the values ofthe dN/ds ratio between groups AO and Al are smaller than those for antigenic sites in Table 1 . Moreover, Table 2 shows that the values of the dN/dS ratio 2 10 between some pairs ofthe nucleotide sequences, were observed for the PBL method for 4 replications of the bootstrap resampling within group AO, for 3 replications of the bootstrap resampling within group Al, and for 3 replications of the bootstrap resampling within subgroup Alb; unreliable cases were observed for the PBL, Inal, and Ina2 methods, respectively, in 387 replications, 9 replications, and 4 replications of the bootstrap resampling between groups AO and Al and for the PBL method for 2 replications of the bootstrap resampling between subgroups Ala and Alb. By excluding such replications, the bootstrap probabilities were computed. The bootstrap probabilities were also computed by excluding both ds and dN in a replication where d-2 10 or dN 2 10 between a pair of the nucleotide sequences in the replication. However, both bootstrap probabilities were essentially the same. *, P > 0.95; **, P > 0.99; n, number of comparisons. within subgroup Alb are larger than those within subgroup Ala. Both of these values are smaller than the values within group Al for all methods except the PBL method. This result implies that nonsynonymous substitutions occurred more frequently in the internodal branches leading to subgroups Ala and Alb than in the branches within these subgroups. Actually, we can see from Table 2 that for all methods but the PBL method, the values of the dN/dS ratio between subgroups Ala and Alb are larger than those within these subgroups. However, this result should be taken with caution because the values of ds and dN between subgroups Ala and Alb in Table 2 are not the net differences given by equation 25 of Nei and Li (18) . Thus, these values contain not only substitutions in the intemodal branches leading to subgroups Ala and Alb but also those in the branches within these subgroups. Furthermore, since the number of synonymous sites at antigenic sites is small, stochastic fluctuations for synonymous substitutions are so large that the values of ds within and between subgroups Ala and Alb are not so reliable. Actually, the 18 viruses in subgroups Ala and Alb were not clearly separated into two clusters by a neighborjoining tree when estimates of ds at antigenic sites were used.
As a result, for all ofthe methods used, the values ofds within subgroup Ala are larger than those between subgroups Ala and Alb. Thus, it does not seem to be biologically meaningful to compute the net differences between these subgroups.
The differences between ds and dN within group AO, within subgroup Ala, and between groups AO and Al are not statistically significant at the 95% bootstrap probability by any method used. The difference within group Al is statistically significant by the NG method (P > 0.95) and by Inal and Ina2 (P > 0.99). By the PBL method, the bootstrap probability of ds < dN is high (P > 0.94). It is noteworthy to point out that even by the NG method, the difference is statistically significant. Thus, this result suggests that positive selection may operate on antigenic sites of the HA) gene of the viruses in group Al. Although the bootstrap probabilities of ds < dN within subgroup Alb are high and those between subgroups Ala and Alb are also very high, it seems to be difficult to interpret these results. This is because the problems as described earlier are involved in the values of ds and dN within and between subgroups Ala and Alb. DISCUSSION Tajima (37) has shown that when the number of sites compared is small, ordinary algorithms such as the method of Jukes and Cantor (33) and the two-parameter method of Kimura (16) introduce systematic biases into estimation of the number of substitutions. Computer simulation by one of us (39) has shown that such biases were also observed for the NG, PBL, Inal, and Ina2 methods. To confirm that the results shown in Tables 1 and 2 are not due to the biases, we conducted computer simulation by the method of Ina (39) . The number of replications was 1000 in the computer simulation. Table 3 shows that for all cases, the dN/dS ratio estimated by the NG method was <1 and that for all cases but t = 30 (where t = two times the divergence time), the dNlds ratios estimated by the PBL method and Ina2 were <1. Table 3 also shows that for all cases but t = 30 or 40, the dNlds ratio estimated by Inal was <1. Even in the case where the dN/ds ratio was >1, the ratio was close to 1 
